Papillomaviruses are small DNA viruses that are associated with benign and malignant epithelial lesions, including >95% of cervical cancers and Ϸ20% of head and neck cancers. Because papillomavirus replication and virion production are tied to epithelial cell differentiation, infectious papillomavirus virion production has been limited to cumbersome organotypic cultures and mouse xenografts. Consequent difficulties in obtaining useful amounts of wild-type or mutant human papillomavirus (HPV) virions have greatly limited studies on many aspects of papillomavirus biology. To overcome these limitations, we developed a system to encapsidate the full-length papillomaviral genome into infectious virions, independently of viral DNA replication and epithelial differentiation. This transient-transfection-based system produces >1,000 times more infectious virus per cell culture dish than the much more labor-intensive organotypic culture. Furthermore, we show that this method allows the facile generation of infectious particles containing wild-type, mutant, or chimeric papillomaviral genomes, overcoming barriers to studying many facets of replication, host interactions, and vaccine and drug development, which has been limited by the insufficient availability of infectious virions.
Papillomaviruses are small DNA viruses that are associated with benign and malignant epithelial lesions, including >95% of cervical cancers and Ϸ20% of head and neck cancers. Because papillomavirus replication and virion production are tied to epithelial cell differentiation, infectious papillomavirus virion production has been limited to cumbersome organotypic cultures and mouse xenografts. Consequent difficulties in obtaining useful amounts of wild-type or mutant human papillomavirus (HPV) virions have greatly limited studies on many aspects of papillomavirus biology. To overcome these limitations, we developed a system to encapsidate the full-length papillomaviral genome into infectious virions, independently of viral DNA replication and epithelial differentiation. This transient-transfection-based system produces >1,000 times more infectious virus per cell culture dish than the much more labor-intensive organotypic culture. Furthermore, we show that this method allows the facile generation of infectious particles containing wild-type, mutant, or chimeric papillomaviral genomes, overcoming barriers to studying many facets of replication, host interactions, and vaccine and drug development, which has been limited by the insufficient availability of infectious virions.
infection ͉ virions ͉ virus packaging ͉ capsid ͉ DNA encapsidation P apillomaviruses are nonenveloped, double-stranded DNA viruses with Ϸ8-kb, circular genomes, 55-nm spherical capsids, wide distribution in higher vertebrates, and tight species specificity (1) . Human papillomaviruses (HPVs), of which there are Ͼ100 genotypes, infect and replicate in cutaneous or mucosal epithelia, inducing benign lesions, including warts that are self-limiting and normally regress over time (2, 3) . A subset of mucosotropic HPVs, the high-risk genotypes, such as HPV16, HPV18, and HPV31, are causally associated with anogenital cancers, including nearly all, if not all, cervical carcinomas, a leading cause of cancer death among women worldwide (1, 4, 5) . Also, high-risk HPVs (in particular, HPV16) are associated with 20-30% of head and neck cancers (6, 7) , the sixth most common cancer in the United States, of which the survival rate is Ͻ50% and has not improved for decades (8) .
The HPV life cycle is tightly linked to epithelial differentiation (9, 10) . HPVs initially infect cells of the poorly differentiated, proliferative, basal compartment of stratified epithelia. Here, the viral genome sets up residence as a low-copy nuclear plasmid, a subset of viral genes (the early genes) are expressed at low levels, and no progeny virus is made. However, as infected basal cells divide and daughter cells migrate into the suprabasal compartment for terminal differentiation, the productive stage of the viral life cycle is initiated (10, 11) . Here, the virus reprograms suprabasal cells to support high-copy-number amplification of the viral genome, the viral structural genes encoding the major L1 and minor L2 capsid proteins are expressed, and progeny virions are assembled and then released into the environment from the most superficial layers of the epithelia. The requirement for terminal differentiation of epithelial cells to support the productive stage of the viral life cycle precludes obtaining infectious virus particles from conventional cell culture. Consequently, the only prior methods capable of producing infectious papillomavirus virions were organotypic raft culture (12) (13) (14) (15) , by which small quantities of artificial skin can be produced in cell culture, or the use of xenografts in mouse skin (16) (17) (18) . However, these methods are technically demanding, time-consuming, and variable, and they produce relatively low virus yields and require access to epithelial cell populations or human tissue in which the viral genotype of interest persists as a nuclear plasmid. These limitations have severely restricted the availability of infectious HPV for basic and clinical research.
Recently, Buck et al. reported an approach for producing papilloma virus-like particles (VLPs) in which reporter plasmids were encapsidated into bovine papillomavirus (BPV) capsid proteins expressed in transiently transfected mammalian cells (19) . Here, high-level expression of papillomavirus L1 and L2 capsid proteins was achieved by using codon-optimized synthetic genes in 293TT human embryonic kidney cells, which stably express SV40 large T antigen to enhance replication of SV40 origin-containing plasmids. When cotransfected into 293TT cells with L1-and L2-expression plasmids, target plasmids of Ͻ6-7 kb were efficiently encapsidated into the resulting VLPs. This method allowed the differentiation-independent encapsidation of reporter genes. However, Buck et al. concluded that intracellular packaging of target plasmids into VLPs by this approach was limited by a strong size discrimination to target plasmids of Յ6-7 kb in size (19) , which is much less than the natural viral genome size of Ϸ8 kb.
In this article, we describe extension of the transienttransfection method to achieve the successful and efficient packaging of the full-length HPV genomes into HPV16 capsids to generate virus particles. We demonstrate that the resulting HPV virions are highly infectious in their natural, host epithelial cells. Importantly, a single 10-cm dish of 293T cells, after DNA preparation and a simple 2-day transient transfection, yielded Ͼ1,000 times more infectious virus than a much more laborintensive and time-consuming organotypic raft culture. By providing a ready, genetically manipulatable source of infectious papillomavirus virions, this approach makes it possible to study HPV replication and vaccine and drug development, which has been limited or blocked by the difficulty of producing infectious HPV virions.
have been described. pcDNA-HPV16L1 and pcDNA-HPV16L2, expressing codon-optimized HPV16 L1 and L2 (22) , respectively, were generously provided by Martin Muller (Forschungsschwerpunkt fur Angewandte Tumorvirologie, Heidelberg, Germany). pXULL, coexpressing both codon-optimized HPV16 L1 and L2, was generously provided by John Schiller (National Institutes of Health, Bethesda). pSEAP (pSEAP-control) for expression of secreted alkaline phosphatase (SEAP) was purchased from Clontech. We cloned 5.0-, 5.9-, and 6.8-kb PCRgenerated subgenomic fragments of the HPV16 W12E genome into XhoI-and SacI-cleaved pRL-null (Promega). These HPV subgenomic fragments, deleted for nucleotides 4,296-7,120, 4,296-6,300, and 4,296-5,400 of the HPV genome, respectively, were generated by PCR using pfu DNA polymerase along with the following primers: TTATAAAGTTGGGTAGCCGATG-CACG (sense) and TCTACAACTGCTAAACGCAAAAAA (5.0 kb), CTGGATATTTGTACATCTATTTGC (5.9 kb), or TCTTTATCAGGTTATATTCC (6.8 kb) (anti-sense). PCR was performed for 32 cycles of the following: 1 min of denaturation at 94°C, 1 min of annealing at 58°C, and 14 min of polymerization at 72°C, followed by 20 min of extension at 72°C. For transfection into 293TT and 293T cells, the full-length or subgenomic HPV DNAs were released from the bacterial vector by restrictionenzyme digestion (BamHI for full-length HPV16 and HPV31b genomes, and XhoI for subgenomic HPV16 clones) and recircularized by ligation under conditions that favor monomeric ligation events (23) .
Cell Lines. Human embryonic kidney cell line 293T (American Type Culture Collection) and its enhanced SV40 T antigenexpressing daughter cell line 293TT (19) (obtained from John Schiller) were maintained in DMEM supplemented with 10% FBS (Invitrogen). Immortalized human keratinocyte cell line HaCaT (24) was maintained in F-media (three parts F-12 and one part DMEM; Invitrogen), supplemented with 10% FBS. W12E cells, clone 20850 (25, 26) , harboring extrachromosomal HPV16 genomes, were maintained on mitomycin C (4 g͞ml; Sigma)-treated 3T3 mouse fibroblasts in F-media supplemented with 0.4 g͞ml hydrocortisone (Calbiochem), 0.1 nM cholera toxin (ICN), 5 g͞ml insulin (Sigma), 25 g͞ml adenine (Sigma), 10 ng͞ml epidermal growth factor (R & D Systems), and 5% FBS, as described (25) .
Virus Packaging and Purification. We cotransfected 293T or 293TT cells, which were plated in a 10-cm dish 1 day before, with 10 g of each HPV16 capsid protein expression plasmid as indicated, as well as one of the target DNAs for encapsidation, such as the full-length HPV16 genome (from 12 g of starting plasmid) or pSEAP (10 g) by using Lipofectamine 2000 (Invitrogen). After 48 h at 37°C, cells were harvested and resuspended in PBS with 9.5 mM MgCl 2 . Cells were lysed by adding Brij58 to 0.25%, followed by 0.3% benzonase (Sigma) and 2 units per 100 l of exonuclease V (Epicenter Technologies, Madison, WI) and incubating at 37°C for 24 h to remove unpackaged cellular and viral DNA and to allow capsid maturation (48) . The lysate was incubated on ice for 10 min with 0.17 volumes of 5 M NaCl and centrifuged at 2,000 ϫ g for 10 min at 4°C. The resulting cleared supernatant was loaded on top of a 27-33-39% Optiprep͞PBS͞ 0.8 M NaCl step gradient and centrifuged in an SW50.1 rotor at 215,000 ϫ g for 3.5 h at 16°C. Fractions (200 l each) were collected by puncturing the bottom of the tube. Aliquots of 10 l from each fraction were analyzed by Western blotting. Briefly, proteins fractionated by SDS͞PAGE were transferred to polyvinylidene difluoride (PVDF) paper (Amersham Pharmacia). HPV16 L1 protein bands were visualized by chemiluminescence using mouse anti-HPV16 L1 antibody CAMVIR-1 (Abcam, Cambridge, MA) and goat anti-mouse IgG conjugated with horseradish peroxidase (Jackson ImmunoResearch). To assay for DNA encapsidation, DNA was extracted from purified virions by using a QIAquick PCR purification kit (Qiagen, Valencia, CA) or phenol͞chloroform͞proteinase K (27) . DNA extracts from each fraction were run on 0.8% agarose gel and visualized by SYBR green I (Sigma) staining. The copy number of encapsidated DNA was quantified with serially diluted standard DNA. Capsid protein levels were measured by SDS͞PAGE and silver staining using defined dilutions of BSA as concentration standards.
Infectivity Assay. Infectivity of packaged HPV16 and HPV31b virions was examined by RT-PCR by amplifying the splice junction region in a class of HPV early mRNAs, hereafter designated E1 E4, that share a common splice junction between E1 and E4 ORFs. HaCaT cells were infected with dilutions of packaged virus overnight at 37°C, washed twice with PBS, and incubated for 48 h at 37°C. Total RNA was isolated by using the RNeasy total RNA purification kit (Qiagen), treated with RQ DNase I (Promega) to remove possible DNA contaminants, purified again on RNeasy columns to remove DNase I, and quantified by spectrophotometer. Double-stranded cDNA was synthesized from 20 g of total RNA with oligo(dT) by using a SuperScript cDNA synthesis kit (Invitrogen), and PCR was performed with TaqDNA polymerase (Promega). Oligonucleotide primers (Table 1 , which is published as supporting information on the PNAS web site) were designed by using the PRIMER3 primer-design program (28) , synthesized by MWG Biotech (High Point, NC), and used at 0.5 M for PCR amplification for 36 cycles of the following steps: 1 min of denaturation at 94°C, 1 min of annealing at 55°C, and 2 min of polymerization at 72°C, followed by a 10-min extension at 72°C. For the following nested PCR, 2% of the first-round PCR products were used in 30 cycles of amplification. Alternatively, the HPV signal was amplified for one round of 42 cycles of 30 s of denaturation at 94°C, 1 min of annealing at 55°C, and 1 min of polymerization at 72°C, followed by 7 min of extension at 72°C. The final PCR products were analyzed by 1% agarose gel electrophoresis and ethidium bromide staining.
The activity of pSEAP-control-encapsidating pseudovirions was measured by using a Phospha-Light chemiluminescent alkaline phosphatase assay (Applied Biosystems). After adding pSEAP-control pseudovirions, 293T cells were incubated for 48 h. We collected 50 l of culture supernatant (processed according to the manufacturer's protocol), and luminescence was measured for 1 s in a luminometer.
Capsid Disruption and Virus Neutralization. HPV capsids were disrupted by treating with 200 mM NaHCO 3 (pH 9.6) at 4°C for 16 h (29), followed by dialysis with PBS for 24 h with a Slide-A-Lyzer dialysis cassette (Pierce). In parallel, an equal amount of virions was processed in PBS (pH 7.0) as a control. HPV16-neutralizing antibodies H16.7E, H16.E70, and H16.V5 were generously provided by Neil Christensen (Pennsylvania State University, Hershey). Diluted virus preparations were incubated with one of the neutralizing antibodies at 1:100 dilutions for 1 h at 4°C with rotating before infecting human keratinocytes. Mouse anti-HPV16 L1 H16.J4 (30) and anti-HIV-1 Gag (31, 32) IgG antibodies were used as isotype controls.
Results
Gene Delivery and Expression Efficiency of HPV Capsids. To establish that we could efficiently assemble functional capsids by expressing the L1 and L2 capsid protein genes of the oncogenic HPV genotype HPV16, we measured the efficiency with which we could package and deliver by infection a 5.1-kb reporter plasmid, pSEAP, expressing SEAP. pSEAP was cotransfected with two codon-optimized HPV16 L1 and L2 expression plasmids, pcDNA3.1(ϩ)-HPV16L1 and pcDNA3.1(ϩ)-HPV16L2 (22), into 293T cells. At 2 days after transfection, pseudovirions were extracted, treated with benzonase endonuclease and exonuclease V to degrade unencapsidated DNA, and fractionated on Optiprep gradients. Comparable levels of L1 capsid protein expression were found by Western blotting after transfection of L1ϩL2 or L1 alone (data not shown). We then assayed for effective delivery of packaged pSEAP by monitoring SEAP activity after exposure of 293T cells to pseudovirion preparations. SEAP activity was nearly linear with dilution of the infecting pseudovirus stock over the tested range, retaining substantial activity Ϸ700-fold above background after 500-fold dilution (Fig. 1) . Although major capsid protein L1 assembles capsids by itself, this delivery relied on coexpression of minor capsid protein L2 as well (Fig. 1) , consistent with prior findings (19, 33) . Significantly, SEAP activity after infection with Ϸ1.5 ϫ 10 8 copies of L1͞L2 encapsidated pSEAP DNA was nearly as high as that in 293T cells after Lipofectamine 2000 transfection with Ϸ3.4 ϫ 10 11 copies of unencapsidated pSEAP-control DNA. Thus, delivery of SEAP plasmid in the context of these HPV16 L1͞L2 pseudovirions was Ն2,000-fold more efficient, on a per plasmid copy basis, than an efficient transfection method.
HPV16 Genome Can Be Packaged Efficiently to Generate High Yields
of Papillomavirus. Buck et al. reported (19) that the size of the target DNA packaged by BPV capsid proteins L1 and L2 in their transient-transfection system was limited to Ͻ6-7 kb. Therefore, it was predicted that full-length, Ϸ8-kb HPV genomes would not be encapsidated efficiently in this system. To determine the size limit of HPV16 viral DNA encapsidation, we generated three progressively truncated derivatives of the HPV16 genome, with nested deletions in the L1 and L2 ORFs (Fig. 2A) . In the smallest 5.0-kb derivative, the entire L1 and L2 ORFs were deleted, leaving intact the long control region and early genes. The 5.9-kb HPV16 subgenomic clone retains the 3Ј portion of the L1 gene. The 6.8-kb subgenomic clone has an intact L1 ORF but is deleted for most of the L2 ORF. These HPV16 genome derivatives, as well as the full-length HPV16 genome, were amplified in Escherichia coli plasmids, excised by XhoI digestion, and recircularized by ligation. Each HPV genome derivative then was transfected into 293TT cells together with HPV16 L1 and L2 expression plasmids. Equivalent results were obtained by using separate expression plasmids pcDNA3.1(ϩ)-HPV16L1 and pcDNA3.1(ϩ)-HPV16L2 for L1 and L2 (22), or a combined L1ϩL2 expression plasmid, pXULL (generously provided by John Schiller). After a 48-h incubation, the cells were lysed, treated with benzonase endonuclease and exonuclease V to degrade unencapsidated viral and cellular DNA, and fractionated on Optiprep gradients.
The results (Fig. 2 B and C) showed that HPV16 L1 and L2 expression protected not only all three truncated derivatives but also full-length HPV genomic DNA from nuclease, producing DNA bands that were visible by direct staining with the intercalating fluorescent stain, SYBR green I, and that cosedimented in gradients with authentic HPV virions. No such DNA recovery and protection was observed if L1 and L2 expression was omitted, consistent with the DNase-resistant viral genomes having been encapsidated into virus particles, or if L1 was expressed without L2 (19, 33) . Western blotting (Fig. 2C) showed that L1 was distributed over a wider range of the gradient (1.12-1.20 g͞ml) than was the DNA (1.17 g͞ml), with a major peak immediately above the sedimenting DNA (i.e., at a lower density, 1.14 g͞ml), as expected for empty HPV capsids and as found in CsCl gradients. Optiprep gradient fractionation of BPV encapsidation products showed a similar density range (Յ1.2 g͞ml) for DNA-containing particles, although in that case, empty capsids were unexpectedly found at higher density than DNA-containing capsids (19) . Surprisingly, the efficiency with which the full-length and the various truncated HPV16 genomes were encapsidated into the virus particles was equal. Thus, in contrast to prior observations made with reporter plasmids and 
Fig. 2. Encapsidation of the HPV16 genome and its derivatives by HPV16 L1 and L2 capsid proteins. (A) Map of HPV16 deletion derivatives generated by PCR-mediated deletions (gaps) extending to the indicated HPV16 genome position. Each target DNA was cotransfected into 293TT cells with HPV16 L1
and L2 expressing plasmids. After Optiprep gradient purification of the virus particles, the encapsidated DNA was analyzed by 0.8% agarose gel electrophoresis and SYBR green staining (B and C), and HPV16 L1 capsid proteins were visualized by Western blotting (C). For the gradient of C and similar gradients, virus particles from the peak fraction of encapsidated, full-length HPV16 DNA (arrow) were isolated for infectivity assays.
BPV L1 and L2 (19) , HPV16 L1 and L2 encapsidated HPV16 genomic DNAs ranging 5-8 kb in size, with comparable efficiency in multiple repeated experiments. HPV16 virus packaging also was performed with transfection of 293T or 293TT cells to compare efficiency of target DNA encapsidation in the presence of lower and higher levels, respectively, of SV40 T antigen (19) . However, even with L1-and L2-expression plasmid pXULL, containing an SV40 replication origin, there was no significant difference between 293T and 293TT cells in HPV16 genome encapsidation (data not shown).
To measure the copy number of encapsidated HPV genomes, DNA extracted from the virus particles was analyzed by agarose gel electrophoresis, in comparison with HPV16 genomic DNA standards of known concentrations. Transfecting a single 10-cm dish of 293T or 293TT cells yielded an average of 2 ϫ 10 9 copies of nuclease-resistant HPV16 genomic DNA encapsidated into HPV16 L1͞L2 capsid proteins, with a variation of Յ2-fold over many repeated transfections. To calculate the efficiency of HPV DNA encapsidation per capsid formed, the gradient-purified, packaged virus stock containing DNase-resistant DNA was analyzed by SDS͞PAGE and the levels of HPV L1 and L2 proteins present were compared by silver staining to serially diluted BSA protein standards. These results showed that Ϸ8 ϫ 10 10 assembled HPV particles were collected from one 10-cm dish of Ϸ7 million cells, and that Ϸ3% of these virus particles contained HPV16 genomic DNA. This encapsidation efficiency is similar to that obtained when HPV particles are produced in organotypic cultures, in which 5-6% of the capsids contain HPV genomic DNA (33) . However, each such organotypic culture yields in the range of only 10 7 particles in total. Thus, our results show that 2 days after transfection of a single 10-cm dish of cells, 1,000-fold more HPV DNA-containing virions were produced than from a much more labor-intensive, 2-week organotypic raft culture.
To test whether different HPV genotypes could be packaged by the same method, we cotransfected full-length, recircularized HPV31b genomic DNA along with pXULL, and found that these HPV31 genomes also were packaged efficiently into HPV16 L1͞L2 capsids (data not shown). Thus, the results are not HPV16-specific, and the same approaches can be applied to produce virions encapsidating other HPV genotypes.
Infectivity of Packaged, Full-Length HPV16 Genomes. The infectivity of the HPV16 virions that were produced in 293TT cells was tested in HaCaT cells, an immortalized human keratinocyte cell line. At 48 h after inoculation, cells were harvested, total RNA was purified, and RT-PCR was performed to detect one class of spliced viral mRNAs, an established measure for HPV infectivity (34) (35) (36) . The expected PCR product from the E1 E4 spliced mRNAs was seen (Fig. 3) , showing that the virus particles generated by using the transient-transfection-based method were infectious. Infection with 100-to 6,250-fold serial dilutions of the starting virus stock, corresponding to 100 to 1.6 HPV16 viral genome equivalents (vge) per cell revealed that Ͻ10 vge per cell of virion stock from 293TT cell transfection still clearly showed detectable infection by single-round RT-PCR (Fig. 3A) . This result further confirms that the yield of virus, as measured above by the quantity of DNase resistant viral genomes present in Optiprep-fractionated virus stock, was Ͼ1,000-fold greater than the amount of virus typically obtained from rafts, whereas the specific infectivity is comparable (37, 38) .
Above, we showed that the infectivity of the HPV16 virion preparations was nuclease-resistant. To confirm further that viral gene expression detected in the infection assay did not arise wholly or partially from direct transfection of naked DNA not packaged by HPV16 capsid proteins, we treated virus stocks with 200 mM NaHCO 3 (pH 9.6), which efficiently and irreversibly disrupts HPV capsids (29) . After treatment, the preparations were dialyzed against PBS and added to HaCaT cells. This pretreatment of virus stocks at high pH abolished viral mRNA expression in inoculated HaCaT cells, whereas untreated, but dialyzed, control HPV16 retained a strong E1 E4 mRNA expression signal (Fig. 3B) . In parallel, we inoculated HaCaT cells with 0.1 g of unencapsidated HPV16 genomic DNA, a 200-fold excess over the level of HPV16 DNA in the gradient-purified, DNase-treated virion preparations that successfully initiate infection. As expected, even this great excess of unencapsidated HPV16 genomic DNA did not lead to any PCR-detectable expression of E1 E4 mRNAs (Fig. 3B) , showing that successful infection and viral gene expression under these conditions require HPV16 DNA encapsidation.
To validate further that we were producing infectious HPV particles, we monitored the effect of pretreating the HPV16 virion preparations with L1-specific HPV16 neutralizing antibodies, H16.7E, H16.E70, and H16.V5 (15, 30, 39) , before inoculating HaCaT cells. Each of these neutralizing antibodies Fig. 3 . Infectivity of encapsidated, full-length HPV16 DNA. Virions encapsidating the HPV16 W12 genome were produced as in Fig. 2C and inoculated onto HaCaT cells. At 48 h after inoculation, cells were harvested, total RNA was isolated, and a single round of RT-PCR (A) or RT-PCR, followed by a second round of nested PCR (B and C), was performed with PCR primers (see Table 1 ) to detect E1 E4 spliced mRNAs. We amplified ␤-actin mRNA simultaneously as an internal standard. (A) Cells were inoculated with 100 to 1.6 vge per cell as indicated and assayed for infection by single round RT-PCR. (B) As indicated, HaCaT cells were mock-inoculated or inoculated with 100 vge per cell of virions that were untreated or treated with high-pH carbonate buffer for 24 h at 4°C or with unencapsidated, full-length HPV16 DNA. Total RNA extracted from HPV16-positive W12E cells was used as a positive control. (C) Before inoculating at 100 vge per cell, virions were incubated for 1 h at 4°C with 1:100 dilutions of HPV16 L1-neutralizing antibodies H16.7E or H16.V5. A nonneutralizing, anti-HPV16L1 antibody and an anti-HIV Gag antibody were used as isotypic negative controls.
efficiently blocked the ability of the HPV preparations to induce E1 E4 mRNA expression, whereas virus incubated with nonspecific isotype control antibodies such as nonneutralizing anti-HPV16L1 and HIV-1 p24 antibodies, showed unimpaired infectivity (Fig. 3C) . Thus, the susceptibility of our infectious preparations from HPV DNA-transfected 293TT cells to chemical disruption and highly specific neutralizing antibodies paralleled that of natural HPV virions.
To examine the minimum HPV16 genome sequence required for early gene expression, we infected HaCaT cells with virion particles containing the 5.0-, 5.9-, and 6.8-kb HPV16 genome derivatives. All three derivatives showed expression of E1 E4 spliced mRNA in HaCaT cells (Fig. 4A) , whereas HPV31b-and mock-infected cells did not, suggesting that the HPV16 L1 and L2 ORF sequences are not necessary for early viral gene transcription.
Infectivity of Packaged HPV31b. As noted above, nuclease treatment and gradient fractionation showed that HPV16 L1 and L2 capsid proteins successfully encapsidated the full-length HPV31b genomic DNA. To test the infectivity of HPV31b genome packaged in HPV16 virus particles, we added these chimeric virions to HaCaT cells and performed RT-PCR with HPV31b-specific primers. The expected signal for the E1 E4 spliced mRNAs of HPV31b was revealed from extracted total RNA by one round of amplification, whereas HaCaT cells infected with virions made by cotransfecting L1 and L2 expression plasmids with full-length HPV16 genomes or no HPV genomic DNA did not express HPV31b RNA transcripts (Fig.  4B) . These results indicate that mammalian cell transfection for HPV packaging is not restricted to one genotype but could be applied to other high-and low-risk HPV genotypes.
Discussion
HPVs are of major clinical importance because they are the most common sexually transmitted pathogen and cause prevalent human cancers. The dependence of HPV replication on epithelial cell differentiation has greatly limited the ability to produce infectious HPV for both basic and clinical research. Here, we have described a facile method for efficiently producing large quantities of HPV particles that display normal infectious properties. This method offers significant advantages over prior methods such as organotypic cultures by providing an Ͼ1,000-fold increased yield of virus in much less time. In addition to 2 days for transfection and cell growth, this method requires some additional time to isolate HPV expression plasmids and genomic DNA for transfection, but sufficient DNA for many transfections can be prepared at once. Virus of any desired genotype can be generated, and furthermore, because there is no reliance on replication of the viral genome in the cells in which packaging occurs, one can encapsidate HPV DNAs bearing essentially any desired mutation.
Contrary to the original transient-transfection-based study, which found that the efficiency with which BPV-1 capsids encapsidated target DNAs fell off rapidly for DNAs of Ͼ6-7 kb (19), we found that full-length, 7.9-kb HPV16 and HPV31 genomes were incorporated into HPV16 L1 and L2 capsid proteins as efficiently as 5-to 7-kb deletion derivatives (Fig. 2B) or smaller reporter plasmids. This result suggests either that the HPV16 based capsids produced here have different packaging constraints than the BPV1 capsids produced in the earlier study, or that differences in the DNA being packaged contribute to differences in packaging efficiency. The latter possibility could reflect the presence of packaging signals in the HPV genome that permit efficient packaging of full-length or nearly full-length genomes. A region of the BPV1 genome has been reported to contribute to DNA encapsidation (40) . However, this region conferred only a modest increase in packaging efficiency in the BPV1 L1͞L2-based, transient-transfection assay (19) . Whether this and͞or other regions of HPV genomes confer efficient encapsidation of full-length viral genomes in the HPV16 L1͞ L2-based transient-transfection assays described here is worthy of further investigation. The packaging efficiencies of full-length versus truncated versions of the HPV16 genome suggests that any such packaging signal(s) is not located within the L1 and L2 ORFs. An alternative hypothesis is that non-HPV-derived sequences can inhibit packaging efficiency. Regardless of the reason, whereas prior results indicated that in vivo encapsidation by papillomavirus capsid proteins was promiscuous with respect to target DNA sequence and driven primarily by a size discrimination mechanism predicted to greatly limit encapsidation of full-length viral genomes (19), we find that size discrimination does not prevent efficient encapsidation of full-length HPV genomes.
Although HPV16 is the most prevalent genotype in HPV pathogenesis and oncogenesis, other HPVs including high-and low-risk mucosotropic virus such as HPV6, 11, 18, and 31 are of clinical importance because they cause sexually transmitted disease, and for the high-risk genotypes, cancer (1, 5) . Thus, it would also be valuable if a single approach could produce infectious virions for multiple HPV genotypes. Toward this end we demonstrated the ability to generate infectious HPV16 L1͞L2 virus particles harboring either HPV16 or HPV31 genomes. Furthermore, the transient-transfection-based system described here should produce virtually any papillomavirus of interest in high yield, because the L1 and L2 proteins of all other tested papillomaviruses can self-assemble into capsids, and because highly efficient expression of papillomaviral proteins in mammalian cells can now be routinely achieved by using codon optimized versions of the cognate genes (22, 41, 42) . In addition to providing infectious virus for basic research studies on other papillomavirus genotypes, such infectious HPV stocks would be highly useful for evaluating the successful generation of neutralizing antibodies to other genotypes in preclinical and clinical vaccine studies.
The abilities presented here to rapidly produce infectious HPV virions in large amounts and, moreover, to incorporate essentially any desired mutation in the HPV DNA so packaged (e.g., Fig. 2 A and B and data not shown), make possible previously unapproachable studies of virus-host interactions in Fig. 4 . Induction of early gene expression by encapsidated HPV16 genome derivatives and infectivity of encapsidated, full-length HPV31b genomic DNA. Virions were prepared as in Fig. 2 by cotransfecting HPV16 L1-and L2-expression plasmids and either the HPV16 genome deletion derivatives of Fig.  1 A (A) or the HPV31b full-length genome (B), and they were inoculated onto HaCaT cells at 100 vge per cell. After a 48-h incubation, cells were harvested, total RNA was isolated, and nested RT-PCR was performed with PCR primers to detect E1 E4 spliced mRNAs of HPV16 (A) or HPV31b (B) (see Table 1 ).
early phases of the HPV life cycle. For example, although some potential cellular receptors for HPV entry have been identified (43, 44) , their relevance to establishment of clinical HPV infections remains controversial. The procedures described here would allow biochemical testing of virus attachment to various candidate cell-surface receptors by using infectious particles, as well as mutagenesis, to map and characterize cell binding motifs in HPV capsid proteins. Also, wild-type HPV or HPV derivatives prepared with the methods presented here could be used in experiments to identify and characterize host factors critical for virus entry and other steps crucial for initiating infection and gene expression by the full HPV genome, such as uncoating, virion protein-mediated HPV DNA trafficking to nucleus, initial transcription, etc. Understanding these mechanisms should identify therapeutic targets for antiviral drug development.
Another important advantage is that, because the procedures described here encapsidate HPV genomes directly isolated from bacteria, such DNAs could contain bacterially directed Dam and Dcm methylation. Because mammalian host cells lack such methylation, this approach allows discrimination by methylationspecific restriction enzymes between the infecting HPV founder genomes and subsequently replicated copies (45) . This approach would facilitate studies of early steps in viral DNA replication after infection, about which little is known.
Current HPV vaccine strategies are directed to raising neutralizing antibodies to prevent initial HPV infection. The approaches described here open the possibility of producing live, attenuated HPV vaccines to more effectively trigger both humoral and cell-mediated immune responses. Such cell-mediated immune responses, including cytotoxic T cell activation, may provide more effective prophylaxis against papillomaviral infections and also offer therapeutic potential for the large numbers of patients who are already infected with HPV.
The ability to package HPV genomes with engineered changes into infectious HPV virions also should facilitate the study of other important aspects of immune responses to HPV. Some HPV16 early genes (such as E5, E6, and E7) have been reported to have immunosuppressive effects (46, 47) , implying that host immune responses against intact infectious HPV might differ radically from those against empty HPV capsids. Such differences can now be evaluated.
